Our objective was to characterize further the acute-phase response following endotoxin (i.e. lipopolysaccharide; LPS) exposure in the bovine. Nine pure-bred Angus castrated males (i.e. steers; average body weight ¼ 299 AE 5 kg) were used in a randomized complete block design in environmentally controlled chambers, set at thermoneutral level, to characterize the acute physiological, endocrine, immune, and acute-phase protein responses following an i.v. bolus administration of 2.5 mg of LPS/kg body weight. One day before administration of LPS, all steers were fitted with an indwelling jugular vein catheter for serial blood collection. Blood samples were collected at 30-min intervals from À2 h to 8 h relative to the LPS challenge (time 0), and serum was harvested and stored at À80 C until analyzed for concentrations of cortisol, pro-inflammatory cytokines, and acute-phase proteins. Indicators of thermal status (i.e. rectal temperature, ruminal temperature, respiration rate, sweat rate, and skin temperatures) were measured at 30-min intervals from À1 h to 6 h relative to the challenge. Endotoxin exposure increased (P50.05) serum concentrations of cortisol, tumor necrosis factor-a (TNF-a), interleukin 1-b (IL-1b), IL-6, interferon-g (IFN-g), and serum amyloid A. Respiration rate, rectal temperature, and rump skin temperature also were increased (P50.05) following LPS administration. Endotoxin exposure dramatically decreased ear skin temperature (P ¼ 0.002), but tended to increase (P50.10) ruminal temperature, shoulder skin temperature, and shoulder sweat rate. Serum concentrations of acid soluble protein, a-acid glycoprotein, IL-4 and IL-2, and rump sweat rate were not altered (P40.24) by the challenge. To our knowledge, this report is the most complete characterization of the bovine acute-phase response to a bolus-dose endotoxin challenge conducted under thermoneutral conditions and should provide foundation data for future research.
INTRODUCTION
Inflammatory diseases, including the bovine respiratory disease complex (BRD), are the most challenging health-related issues faced by managers of newly received feed-lot cattle. 1 These diseases are characterized by an inflammatory response that can be mimicked, in part, in a research setting by exogenous administration of bacterial lipopolysaccharide (LPS). 2 This model has been used to evaluate the effect of an acute-phase response on several body systems, chiefly the immune, stress, and growth axes. The acute-phase response is a component of the innate body defense that is characterized by varied reactions of the body to infection, inflammation, disease, or trauma. Characteristic reactions include fever; shifts in liver synthesis from normal products to the production of the acute-phase proteins; alterations in plasma iron, zinc, and copper; increases in circulating white blood cells; and changes in behavior such as lethargy, anorexia, decreased social and sexual behavior, decreased aggressive behavior, and hyperalgesia. The acute-phase response is stimulated by the release from macrophages and monocytes of the pro-inflammatory cytokines tumor necrosis factor-a (TNF-a), interleukin 1-b (IL-1b), and IL-6 at the site of inflammation or infection. Initial release of the proinflammatory cytokines is augmented by their paracrine actions, eventually resulting in their systemic release and the ensuing stimulation of acute-phase proteins from the liver. This cytokine-mediated de novo synthesis of acute-phase proteins is important for providing protection to the animal, as well as initiating events to restore the animal to a homeostatic condition.
Hepatocytes in the liver routinely synthesize, at a relatively steady state, a characteristic range of proteins referred to as acute-phase proteins that have various biological functions such as proteinase inhibitors, enzymes, coagulation proteins, metal-binding proteins, and transport proteins. However, during an inflammatory response, pro-inflammatory cytokines mediate hepatocyte production and secretion of the acute-phase proteins. During times of inflammation, bacterial infection, endotoxin exposure, neoplasia, or physical injury, many of these proteins become important mediators of immunological functions and play an active role in tissue repair and remodeling. Acute-phase responses generate a characteristic serum protein profile that can vary widely in serum concentrations and biological action from species to species. Some proteins that function as an acute-phase protein in one species may not do so in another species. In cattle, a number of proteins have been proposed as acute-phase proteins, including haptoglobin, serum amyloid A, a 1 -acid glycoprotein, ceruloplasmin, a 1 -antitrypsin, a 1 -antichymotrypsin, a 2 -macroglobulin, and fetuin. 3 In addition to haptoglobin, probably the most widely studied acute-phase protein in cattle, 4 numerous studies have investigated plasma profiles of a 1 -acid glycoprotein, fibrinogen, and serum amyloid A as potential indicators of bovine acute and chronic inflammation/disease.
Although several studies have been published on the various physiological and immunological aspects of the acute-phase response in cattle, most have reported only two or three measurements of the acute-phase immune response; typically rectal temperature, serum concentration of TNF-a, 2, 5, 6 and serum concentrations of two or three of the various acute-phase proteins. [6] [7] [8] [9] Therefore, our objective was to characterize, more completely, the physiological, endocrine, immune, and acute-phase protein responses in beef steers given a bolus dose of 2.5 mg of LPS/kg body weight, thereby providing foundation data for future research.
MATERIALS AND METHODS

Animals and sample collection
The experiment was conducted at the Brody Environmental Center (Animal Sciences Division) at the University of Missouri during April 2006, and all procedures involving animals were reviewed and approved by the University of Missouri-Columbia Animal Care and Use Committee. Nine pure-bred Angus (Bos taurus) castrated males (steers) that weighed 299 AE 5 kg were used in a randomized, complete block design in environmentally controlled chambers to characterize acute physiological, endocrine, and innate immune responses at thermoneutrality following i.v. administration of 2.5 mg of LPS/kg body weight (Escherichia coli O111:B4; Sigma-Aldrich, St Louis, MO, USA). All steers were housed in environmental chambers (3 steers/chamber; 3 chambers) at 19.6 AE 0.46 C for 7 days before and during the experiment. Steers were fed a concentrate diet (39% each of corn and soybean hulls, 20% dried corn distiller's grains, and 2% mineral supplement [10% Fe, 10% Mn, 10% Zn, 2% Cu, 500 mg/kg Co, 1000 mg/kg I, and 1500 mg/kg Se; Nutra Blend Corporation; Neosho, MO], as-fed basis) at 1.6% body weight/day, with water available ad libitum. One day before administration of LPS, all steers were fitted with an indwelling jugular vein catheter for serial blood collection. Catheters consisted of approximately 150 mm of PTFE tubing (6417-41 18TW; Cole-Palmer; o.d. ¼ 1.66 mm) that was inserted into the jugular vein using a 14-gauge Â 5.1 cm thin-walled stainless steel biomedical needle (o.d. ¼ 2.11 mm). The catheter was maintained in place using tag cement and 5.1-cm wide porous surgical tape. An extension consisting of sterile plastic tubing (Tygon S-50 HL; VWR Scientific; i.d. ¼ 1.59 mm; o.d. 3.18 mm) was attached to the catheter for collection of blood samples without disturbing the animals. Blood samples were collected at 30-min intervals from À2 h to 8 h relative to the LPS challenge (time 0). Serum was harvested and stored at À80 C until analyzed for concentrations of cortisol, cytokines and acute-phase proteins. Between blood samples, all catheters were flushed with 5 ml of saline (0.9% w/v NaCl) followed by 5 ml of heparinized saline (1 ml of heparin 10,000 IU/ml in 500 ml of saline) to replace fluid volume and to maintain catheter patency. Rectal temperature was recorded at 1-min intervals for each steer using an automatic rectal temperature monitoring device as described by Reuter. 10 Ruminal temperature was recorded using a temperature-sensitive bolus (TechTrol, Inc., Pawnee, OK, USA) that was placed in the rumen of each steer 40 days before the onset of the study. Skin surface temperature was recorded at À1 h, and at 30-min intervals from 1.5 h to 8 h relative to the LPS challenge with an infrared thermometer (C-1600M; Linear Laboratories, Fremont, CA, USA) at three shaved locations -the shoulder, the rump, and dorsal surface of the ear. Sweat rate was recorded at À2 h, À1 h, and at 1-h intervals from 2 h to 8 h relative to the LPS challenge with a device capable of measuring water evaporation rate (VapoMeter SWL2; Delfin Technologies Ltd, Finland) at the shaved rump and shoulder locations. A trained observer recorded respiration rates by visual observation for 30 s at 1-h intervals from À1.5 h to 7.5 h relative to the LPS challenge.
Serum analyses
All serum analyses were performed in duplicate or triplicate. Serum cortisol concentration was determined by radioimmunoassay (Coat-A-Count; DPC, Los Angeles, CA, USA) as per the manufacturer's protocol in a single assay with a detection limit of 2 ng/ml and less than 5% intra-assay coefficient of variation. Serum concentrations of the pro-inflammatory cytokines (PIC), TNF-a, interleukin 1-b (IL-1b), IL-2, IL-6, interferon-g (IFN-g), and the anti-inflammatory cytokine IL-4, were assayed as per the manufacturer's protocol using customdeveloped multiplex ELISA validated for bovine cytokines (SearchLight; Pierce Biotechnology Inc., Rockford, IL, USA). For all cytokines, the intra-assay variation was less than 10%, and the inter-assay variation was less than 15%.
Serum concentration of the acute-phase protein serum amyloid-A (SAA) was determined by a commercially available ELISA kit (PHASE; TriDelta, Maynooth, Ireland) using the manufacturer's protocol with an intra-assay variation of 5% and an inter-assay variation of 10%. Ceruloplasmin oxidase activity was measured in duplicate using colorimetric procedures previously described. 11 All results are expressed in milligram per decilitre as previously described with intra-and inter-assay variation 5 and 10%, respectively. 12 Bovine a-acid glycoprotein concentrations were measured using a commercially available single radial immunodiffusion kit (Cardiotech; Louisville, KY, USA). A low-and high-control was provided by the commercial kit, which yielded an inter-assay variation 5%. Plasma acid-soluble protein (ASP) concentrations were analyzed according to Nakajima and colleagues with modification. 13 Briefly, 0.1 ml of plasma sample was mixed with 1.0 ml of 0.6 M perchloric acid and incubated at 20-22 C for 20 min. Following centrifugation at 2000g for 20 min, 0.2 ml of the supernatant fraction was mixed with 1.0 ml Coomassie Brilliant Blue G-250 solution and incubated for 20 min. The mixture was then read at 590 nm using a GeneSys TM 20 spectrophotometer (ThermoSpectronic, Rochester, NY, USA). A standard curve was generated using a commercial protein standard (Sigma Õ , bovine serum albumin [P0914]; Sigma-Aldrich, Inc.) with an intraand inter-assay variation 5 and 10%, respectively.
Statistical analysis
Summary statistics were calculated for each variable. These included pre-challenge concentration (average of À2 h to 0 h samples), maximum concentration following challenge (maximum observed value from 0-to 8-h samples), time that the maximum concentration was reached (time period associated with maximum concentration), and the change from pre-challenge to maximum concentration (maximum minus pre-challenge). These summary statistics were averaged across steers, and SE was calculated in Excel 2003 (Microsoft Corp., Redmond, WA, USA). Pearson correlation coefficients were calculated among selected variables with the CORR procedure of SAS (v.9.1.3, SAS Inst. Inc., Cary, NC, USA). Response to the LPS challenge over time was analyzed by ANOVA with the MIXED procedure of SAS; the model included sampling time as a fixed effect, chamber as a random blocking effect, and a first-order autoregressive covariance structure of time within steer. Rectal temperature was recorded at 1-min intervals, but subsequently averaged over 30-min intervals to facilitate comparisons to other measures of the acute-phase response. Pair-wise differences among least squares means at various time intervals were evaluated with the DIFF option of SAS.
RESULTS AND DISCUSSION
All physiological, endocrine, and immune measures with the exception of IL-2, IL-4, acid soluble protein, a-acid glycoprotein, and rump sweat rate significantly changed with time in response to the endotoxin challenge (P 0.10; Table 1 ). Baseline concentrations of cortisol during the pre-challenge period were extremely low (510 ng/ml), indicating that the steers were not experiencing stress as a result of being housed in the environmental chambers or because of the presence of the investigators. Serum concentrations of TNF-a and IL-6 were very low before the LPS infusion, but dramatically increased (P ¼ 0.001) within 2 h following LPS administration ( Fig. 1 ). Serum concentrations of IFN-g and IL-1b both increased (P 0.02) with time after the LPS challenge, although less dramatically than either TNF-a or IL-6. While serum concentrations of TNF-a peaked (1.4 h mean maximum value observed) more rapidly after LPS infusion compared to IL-1b, IL-6, IFN-g and cortisol (3.0-4.3 h after LPS; P ¼ 0.001), no significant increase (P40.10) in circulating concentration of TNF-a was observed until 1 h post-LPS infusion. Interestingly, this initial increase in circulating concentration of TNF-a was proceeded by changes in physiological and endocrine indicators of stress such as respiration rate, skin temperature of the ear and an increase in circulating concentration of cortisol. These results are consistent with those of Steiger and colleagues, 5 in that these authors also reported changes in pathophysiological marks of metabolic stress in cattle following low-dose infusion with LPS prior to an observed increase in circulating concentration of TNF-a. Our current results are also comparable to previous data from our laboratory that demonstrated significant increases in rectal temperature, cortisol, IL-1b, IL-6, IL-10, IFN-g, C-reactive protein and haptoglobin in weanling pigs following an oral dose of E. coli K88 in the absence of any detectable increase in circulating concentration of TNF-a for up to 8 h after inoculation. 6 Collectively, these studies clearly indicate that the early pathophysiological responses following endotoxin exposure are not stimulated and/or mediated by the presence of circulating TNF-a, but more likely by an increase in circulating cortisol acting initially as an effector molecule on subsequent activity of the innate immune system. However, it is noteworthy that this does not rule out the possibility that local production of TNF-a may be involved in the early stages of the acute phase immune response.
Kahl and Elsasser 7 reported peak concentrations of TNF-a at 1 h in steers when blood samples were collected at 0, 1, 2, 4, 7, and 24 h relative to a bolus i.v. infusion of LPS. Two previous research groups, Steiger and colleagues and Waldron and colleagues, observed similar TNF-a response profiles in LPSchallenged dairy heifers and lactating dairy cows, respectively. 2, 5 Although the TNF-a response profiles reported in previous studies are similar to that observed in the present study, it should be noted that the magnitude of the response differed quite dramatically among the studies, most likely reflecting the different methods of LPS administration and doses. For example, Steiger and colleagues 5 observed pre-challenge and peak values of approximately 1 ng/ml and 5 ng/ml, respectively, for serum concentrations of TNF-a in dairy heifers that were infused with 2.0 mg/kg body weight of LPS over a 100-min period. Waldron and colleagues 2 observed values of 55 ng/ml and 120 ng/ml, for prechallenge and peak serum concentrations of TNF-a, respectively, in multiparous lactating Holstein cows that were infused with 1.5 mg/kg body weight of LPS over a 100-min period. Kahl and Elsasser 7 reported baseline plasma concentrations of TNF-a of 50.25 ng/ml and peak plasma concentrations of 52 ng/ml in steers receiving an i.v. bolus dose of LPS at 0.25 mg/kg body weight. In the current study, pre-challenge and peak serum concentrations of TNF-a were approximately 0.1 ng/ml and 9 ng/ml. Serum concentrations of cortisol in the present study were similar, however, to those observed in previous studies. 2, 5 Thus, one might speculate that, in cattle, the glucocorticoid response to endotoxin exposure may be more consistent and less dose-dependent than the cytokine response, perhaps indicating that mechanisms controlling glucocorticoid secretion are less sensitive to endotoxin exposure than those mediating the release of pro-inflammatory cytokines.
Endotoxin exposure resulted in a prolonged increase (P ¼ 0.001; Table 1 ) in serum concentrations of serum amyloid A, detectable by 3 h after LPS infusion and continuing beyond 8 h after the challenge (Fig. 2) . Peak concentration of serum amyloid A was observed at the final sampling time (8 h after LPS), indicating that our sampling period was not of sufficient duration to characterize the entire serum amyloid A response to endotoxin exposure in the bovine. In the study by Kahl and Elsasser, 7 peak serum amyloid A concentrations were observed at 24 h after LPS infusion. Thus, to capture the peak serum amyloid A concentration, sampling should extend at least from 24 h to 48 h following endotoxin administration. [15] [16] [17] For serum concentrations of ceruloplasmin, an acute decrease (P50.05) was observed from 2-3 h after LPS infusion, with the nadir observed at 2 h after LPS infusion.
This decline in ceruloplasmin may be an adaptive protection response related to Fe redistribution in the host. Iron is a limiting nutrient for bacterial growth and, during bacterial infection, mammals undergo Fe redistribution, resulting in a decrease in Fe from the general circulation in attempt to deprive bacteria of this essential nutrient. 18 Ceruloplasmin is important for the utilization of Fe by the host via the oxidation of Fe(II) to Fe(III), which is necessary for Fe to bind to transferrin. 19, 20 Serum concentrations of acid soluble protein and a-acid glycoprotein were not altered (P40.10) by endotoxin exposure during the 8-h sampling period (Fig. 2 ). If these two acute-phase proteins are indeed altered in the bovine due to endotoxin exposure, extending the sampling period beyond 8 h after LPS infusion as used in the current study will be necessary to observe significant changes.
Respiration rates increased (P ¼ 0.001; Table 1 ) sharply at 0.5 h after LPS, but then returned to pre-challenge values by 2.5 h (Fig. 3) . This result is somewhat contradictory to anecdotal observations from our laboratory, which indicated that maximal clinical symptoms associated with administration of LPS (depression, labored breathing, nasal discharge) occur at 2-3 h following endotoxin exposure. Nonetheless, Waldron and colleagues 2 observed a similar respiration rate response to ours in mid-lactation dairy cows. In that study, cows were administered LPS doses ranging from 0, 0.5, 1.0, and 1.5 mg of LPS/kg body weight, and respiration rate increased more rapidly with the higher doses. Shoulder sweat rate tended to increase slightly during the later stages of the measurement period (P ¼ 0.07; Table 1 ; Fig. 3 ). This result is plausible considering that sweat rate and rectal temperature were correlated in a similar challenge. 21 An increase (P ¼ 0.001) in rectal temperature ( Fig. 4 ) was evident as early as 1 h after the LPS challenge. Rectal temperature continued to increase until peaking at 4.5 h after LPS and then declined; however, even at 8 h following endotoxin exposure, rectal temperature remained above pre-challenge values. The rectal temperature response to LPS observed in the present study was similar to other published research. 2, 5, 7 Ruminal temperature displayed more variation at each time period than rectal temperature; however, there was still a tendency (P50.10) for ruminal temperature to increase with time following LPS administration. This observation may be a result of the fact that the steers in the current study had ad libitum access to water, and drinking bouts could have biased ruminal temperature measurements. Future studies may benefit from monitoring both the quantity and timing of water intake to determine the extent to which water intake and ruminal temperature are influenced by the LPS challenge.
Skin temperatures at the shoulder and rump increased (P50.06; Table 1 ; Fig. 5 ) with time following the LPS challenge, but did not seem to be as closely related to LPS challenge as rectal temperature. Interestingly, ear skin temperature decreased (P ¼ 0.002) dramatically with time following the LPS challenge. Furthermore, large significant (P50.001) correlation coefficients with opposite signs were observed between these two temperature variables and serum cortisol concentration ( Table 2) . A common effect of mediators of the inflammatory response is vasoconstriction; 22, 23 hence, decreased blood flow to the extremities could result in a decrease in ear temperature such as we observed. Decreasing blood flow to the body surface can decrease cutaneous heat loss and aid in achieving and maintaining an effective febrile response. 5, 23 Reid and Dahl 24 observed a similar decrease in skin temperatures concurrent with an increase in core body temperature following LPS challenge in steers. Whereas in the two previous studies by Steiger and colleagues and Waldron and colleagues used a 100-min infusion of LPS, in our experiment, a bolus dose of LPS was used. 2, 5 Elsasser and colleagues 25 stated that tolerance to repeated or continuous doses of LPS exhibited by normal animals would seem to indicate that the differences between a bolus dose and a continuous infusion of LPS are more theoretical than practical. Furthermore, no increases in cortisol or TNF-a concentrations were observed in control animals that were infused with saline or in pair-fed, non-infused control animals. 2, 5 Because of the consistency in rectal temperature response observed among these experiments, and the negligible effect of saline on cortisol and TNF-a in saline controls, control treatments and extended LPS infusion periods may not be necessary in future studies. Deviations from pre-challenge values in these variables following LPS challenge are attributable essentially to LPS, and the animal-specific pre-challenge value should serve as an adequate control.
CONCLUSIONS
Collectively, the data demonstrate that bacterial endotoxin exposure induced a pronounced acute-phase response in the bovine. Tumor necrosis factor-a peaked rapidly after endotoxin challenge, followed by IFN-g, IL-1b, IL-6, and serum amyloid A. However, physiological and endocrine indicators of stress indicated that circulating concentrations of TNF-a are not the purported prerequisite to subsequent biological and biochemical reactions associated with endotoxin and/or bacterial exposure. The data also indicate that bolus doses of LPS, using only pre-challenge values as controls for each animal, are convenient and consistent and should be useful in many experimental situations to decrease the number of animals used in experimental research studies. Data presented in this report should provide a foundation for evaluating changes in the acutephase response in future experiments conducted with a bolus-dose LPS challenge in cattle.
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